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Introduction
The African Sahel is a region of semi-arid grass savanna with shrubs and low tree coverage located south of the Sahara desert. Tropical grassy biomes cover approximately 20% of the global land surface and dominate the Sahel region (Parr, Lehmann, Bond, Hoffmann, & Andersen, 2014) . It has recently been shown that semi-arid regions in Africa, and across the southern hemisphere, have an important sink function for human-induced fossil fuel emissions, reducing the rate of increase of atmospheric carbon dioxide (CO 2 ) concentrations (Ciais et al., 2011; Poulter et al., 2014; Williams et al., 2007) . Semi-arid regions even outcompete tropical rain forests as the main biome driving inter-annual variability and trends in atmospheric CO 2 concentrations (Ahlstrom et al., 2015) . Potential explanations for this increased sink function are increased precipitation and enhanced water use efficiency due to the "CO 2 fertilisation effect" (Donohue, Roderick, McVicar, & Farquhar, 2013) . In recent decades, the Sahel has warmed faster than the global average (Hulme, Doherty, Ngara, New, & Lister, 2001 ). However, since the 1980s, rainfall has also increased, and studies based on remotely sensed data show increased vegetation productivity in the Sahel (e.g. Fensholt et al., 2013) . Climate plays a vital role for the net ecosystem exchange of CO 2 (NEE), which defines the C sink and source strength of an ecosystem, and NEE can thereby have strong positive or negative feedbacks on the climate system. An improved understanding of the longterm response of the NEE to environmental changes is necessary to improve predictions of the interaction between the climate system and the savanna ecosystems.
Sampling in semi-arid ecosystems is under-represented within eddy covariance (EC) flux networks as compared to boreal and temperate ecosystems, and information on the carbon (C) dynamics of African semi-arid ecosystems is especially limited. It has recently been shown that Africa as a continent is a small C sink (−.61 ± .58 PgC y savanna, primarily used as grazed rangeland (Figure 1 ). The rainy season is relatively short (2-3 months during the period July-October). The site is a typical tree and shrub savanna environment with low tree coverage (~3%) (Rasmussen et al., 2011) . The most abundant tree species are Balanites aegyptiaca and Acacia tortilis, and the ground vegetation is dominated by annual C4 grasses (e.g. Dactyloctenium aegyptium, Aristida adscensionis, Cenchrus biflorus and Eragrostis tremula) . The livestock consists mainly of cows (Bos taurus indicus), sheep (Ovis aries) and goats (Capra aegagrus hircus) and grazing is permanent and occurs year-round. The Dahra field site is located within the "Centre de Recherche Zootechnique (CRZ)" managed by the Institut Sénégalais de Recherche Agronomique (ISRA). For a complete description of the measurement set-up at the Dahra field site, see .
A number of hydro-climatic measurements (photosynthetically active radiation (PAR), soil temperature and soil moisture at .05-m depth, air temperature, and incoming and reflected red and near infrared radiation) were made during the entire study period, except for 26 October 2010-25 February 2011 due to technical issues (Table 1) . Ground heat flux (G) was measured using HFP001 sensors made by Hukseflux Thermal Sensors B.V. (Delft, Netherlands). All sensors were connected to a CR-1000 logger in combination with a multiplexer (Campbell Scientific Inc., North Logan, USA). The normalised difference vegetation index (NDVI) was calculated using the incoming and reflected red and near infrared radiation data:
where ρ NIR and ρ red are the hemispherical reflectance factors in the near infrared (NIR) and the red bands, respectively (Rouse, Haas, Schell, Deering, & Harlan, 1974) .
A single grid-cell subset of remotely sensed eightday composites of leaf area index (LAI) (MOD15A2) at a 1 × 1 km 2 spatial resolution made by the Moderate Resolution Imaging Spectroradiometer (MODIS)/Terra L4 and using the average of 3 × 3 pixels centred at the EC tower was obtained from ORNL DAAC (2014).
The above ground biomass (g dry weight m
−2 ) of the herbaceous layer was sampled roughly every 10 days during the rainy seasons at 28 one m 2 plots (Mbow, Fensholt, Rasmussen, & Diop, 2013) . The start and end of the rainy season are taken as the first and last days of the year with a major rain fall event. For some years, minor rain fall events outside of the rainy season were recorded, which are not included. In February 2011, soil samples between 0 and .20-m depth were taken at six plots in a circle with a
in situ measurements, have investigated NEE patterns in the semi-arid Sahel (Ardo, Molder, El-Tahir, & Elkhidir, 2008; Friborg, Boegh, & Soegaard, 1997; Moncrieff, Monteny, et al.,1997; Sjöström et al., 2009; Verhoef, Allen, De Bruin, Jacobs, & Heusinkveld, 1996) , and very few studies of NEE based on more than one year of continuous EC measurements from the Sahel region exist Merbold et al., 2009; Tagesson, Fensholt, Cropley, et al., 2015) . These studies report peak net CO 2 uptake levels of ~−8 and ~−12 μmol CO 2 m −2 s −1 for millet fields Friborg et al., 1997) , ~−10 μmol CO 2 m −2 s −1 for fallow including sparse shrub and herbaceous layers ), ~−10 μmol CO 2 m −2 s −1 for a shrubland savanna (Verhoef et al., 1996) and ~−18 μmol CO 2 m −2 s −1 for a sparse Acacia savannah with 7% tree cover (Ardo et al., 2008; Sjöström et al., 2009 . Tagesson, Fensholt and Cropley et al. (2015) used the EC technique to investigate drivers of the dynamics of the land-atmosphere CO 2 exchange processes measured at the Dahra field site, a grazed semi-arid savanna site with ~3% tree cover located in the Ferlo region, Senegal. They found very high CO 2 flux levels at the peak of the rainy season, much higher than have ever been measured for a semi-arid savanna ecosystem previously, which requires some further research. The aims of this study are to investigate these high peak net CO 2 uptake levels for the Dahra field site covering four rainy seasons 2010-2013 reported by Tagesson, Fensholt and Cropley et al. (2015) , and to investigate potential drivers of the high flux values.
Measurements are never perfect and EC measurements are subject to several uncertainties related to operator errors, sampling errors, instrumentation errors, measurement conditions and post-processing (Richardson et al., 2012) . Errors can be reduced through careful maintenance of the system, but are in the end unavoidable. It is therefore important to identify and quantify the nature and magnitude of errors associated with an EC system used for long-term flux measurements. A second aim is to verify high quality of the EC system at the Dahra field site, and a final aim is to quantify the uncertainties in the long-term budgets of NEE.
Materials and methods

Site and data description
The Dahra field site is located in Senegal (15°24′10″N, 15°25′56″W, elevation 40 m) and the site is semi-arid Downloaded by [Copenhagen University Library] , [Torbern Tagesson] at 00:04 06 July 2016 diameter of ~150 m around the towers . In December 2012, they were taken at two plots with 200-m distance within the footprint of the EC tower. In July 2012 and July 2013, soil samples of the upper .05 m were taken along a 500-m long transect centred on the EC tower using seven and four plots, respectively. Soil nitrogen (N) and soil organic C concentrations were estimated in all soil samples following the kjeldahl (1883) and the Walkley and Black (1934) methods, respectively. The permanent wilting point (PWP) was estimated at 1500 kPa from the soil texture (Saxton, Rawls, Romberger, & Papendick, 1986 ) was recorded between 8 August 2010 and 31 December 2013. An EC system comprising a three-axis GILL R3 Ultrasonic Anemometer (Gill instruments Uk), and an open-path CO 2 /H 2 O infrared gas analyser (LI-7500, LI-COR Inc., Lincoln, Nebraska, USA) was installed at 9-meters height. The gas analyser was tilted 29° from vertical with .20-m northward separation and −.24-m vertical separation from the anemometer. Data from the anemometer and gas analyser were sampled at 20 Hz. The gas analyser was calibrated every four weeks.
The raw data were processed using EddyPro 4.2.1 software (LI-COR Biosciences, 2012) , and the statistics were contribution is 69 m from the tower, and the median 70% cumulative flux distance is 388 m from the tower. Southwestern and north-eastern winds dominate during the rainy and the dry seasons, respectively. The footprint was characterised by semi-arid savanna grassland with ~3% tree cover in these wind directions (Figure 1 ).
Quality control of the measured fluxes
We used three different methods to assure the high quality of the measured fluxes. Firstly, the energy balance closure was calculated to evaluate the performance of the EC system by comparing the sum of latent (LE), sensible (H) and ground heat flux (G) against net radiation (R net ). Secondly, the average half-hour co-spectra of the vertical wind and the concentration of CO 2 were compared with co-spectra of the vertical wind and the air temperature. The co-spectrum analysis was included to assure that all frequencies were correctly captured by the system. The use of the co-spectra of the vertical wind and the air temperature as an ideal co-spectrum is not truly correct, as sonic anemometers dampen both the vertical wind speed and air temperature due to spatial averaging and electronic restrictions (Ibrom, Dellwik, Flyvbjerg, Jensen, & Pilegaard, 2007) . However, these effects can be neglected in the inertial surface layer, over rough surfaces and at heights well above the zero-displacement height (Ibrom, Dellwik, Flyvbjerg, et al., 2007) . Within the co-spectrum analysis, half-hour co-spectra were filtered satisfying three criteria: . The spectra were separated for unstable (Obukhov length < 0) and stable conditions (Obukhov length > 0), tapered using Hamming windows and averaged into 50 frequency bins (LI- COR Biosciences, 2012) .
Thirdly, for the period 24 September-1 October 2013, a closed-path system was installed at the site, and EC fluxes were measured using the closed-path analyser in parallel to the open-path measurements. The closed-path EC system consisted of an infrared gas analyser (LI-6262, LI-Cor Inc. Lincoln, Nebraska, USA) and the same three-axis GILL R3 Ultrasonic Anemometer (Gill Instruments Uk) as used for the open-path measurements. The air was drawn at a rate of 6.0 L min −1 through 8.0 m of tubing (Dekabon tubes; diameter: .004 m) and through a 1-μm pore size filter (Gelman Acro) to the infrared gas analyser. Cut-off frequency of the LI-6262 was 5 Hz. Soda lime and magnesium chloride were used to scrub the air in the reference cell of CO 2 and H 2 O, respectively. Closed-path NEE fluxes were estimated using the same settings and filtering method as for the open-path measurements, except for the compensation for density fluctuations that were done following Ibrom, Dellwik, Larsen and Pilegaard (2007). calculated for 30 min periods. Average zero-displacement height and roughness length were estimated to be 1.01 and .15 m from the aerodynamical plant canopy height (supplementary material of ). Slope was set to 0º. The processing included angle of attack correction for the Gill anemometer, despiking using a plausibility range window average of ±3.5 standard deviations, 2-D coordinate rotation, time lag removal between anemometer and gas analyser by covariance maximisation, linear detrending, WPL (named after Webb, Pearman, Leuning) correction for compensation for density fluctuations and addition of the storage term Fan, Wofsy, Bakwin, Jacob, & Fitzjarrald, 1990; Moncrieff, Clement, Finnigan, & Meyers, 2004; Vickers & Mahrt, 1997; Webb, Pearman, & Leuning, 1980; Wilczak, Oncley, & Stage, 2001) . We corrected for low-and highpass filtering effects following Moncrieff, Valentini, Greco, Guenther, and Ciccioli (1997) and Moncrieff et al. (2004) , respectively. The data were filtered using statistical tests to remove problems related to data spikes, amplitude resolution, drop-outs, absolute CO 2 concentration and wind speed limits, and to apply criteria for skewness and kurtosis, following the methods of Vickers and Mahrt (1997) . Data were also filtered for steady-state conditions following Foken et al. (2004) with a quality flag threshold set to 3, i.e. covariance between CO 2 concentration and vertical wind speed in six subsamples of the half-hourly data-set deviated less than 30% from the covariance determined from the whole half-hour measurement. Data were additionally filtered for fully developed turbulent conditions using the integral turbulence characteristics of the vertical wind component (Foken et al., 2004 ). The quality flag threshold was again set to 3, i.e. measured integral turbulence characteristics deviated less than 30% from modelled values. Measurements made during rainfall events were also removed. In total, 44% of the combined sonic anemometer and gas analyser data were filtered away, which is a normal rejection rate for open-path sensors (e.g. Foken et al., 2004; Tagesson et al., 2012) . Falge et al. (2001) found that on average 35% of EC data are missing, whereas Papale et al. (2006) estimated that 20-60% of the data were rejected by the different quality filters applied. However, due to broken sensors for the periods 5 November 2010-17 July 2011 and 11 January 2013-7 July 2013, power failures and technical issues and the total gaps were 73%. Still, the system was running throughout most (76%) of the rainy seasons 2010-2013, and the long gaps mainly occurred during the dry seasons, characterised by limited vegetation activity.
The footprint of the EC tower was estimated using the model by Hsieh, katul, and Chi (2000) , which relates footprint to atmospheric stability, measurement height and surface roughness. The median point of maximum Downloaded by [Copenhagen University Library], [Torbern Tagesson] at 00:04 06 July 2016 velocity, relative humidity and vapour pressure deficit) was correlated with half-hourly NEE variability within seven-day moving windows. Therefore, daytime gaps in half-hourly NEE longer than 2 h but shorter than three days were filled using the Mitscherlich light response function for seven-day moving windows (Equation (2)) (Falge et al., 2001) . Thirdly, Tagesson, Fensholt and Cropley et al. (2015) reported that half-hourly night-time NEE had low diurnal variability and no correlation within seven-day moving windows to any measured environmental variables (air temperature, vapour pressure deficit, friction velocity, soil moisture or soil temperature at any depth). Hence, nighttime gaps in half-hourly NEE were filled using the average NEE measured during that night. Fourthly, any remaining gaps in half-hourly NEE were filled using mean diurnal variation with seven-day moving windows (Falge et al., 2001) .
The seasonal dynamics in NEE interact in complicated non-linear ways, and ordinary regression models that are supposed to apply over the entire data space do not perform well for filling larger gaps in NEE. Therefore, daily sums of NEE were calculated and gaps larger than three days in these daily sums were filled using regression trees (De'ath & Fabricius, 2000) . Regression tree analysis is a non-parametric statistical method to investigate complex relationships between a dependent and several independent variables (De'ath & Fabricius, 2000) . As explanatory variables in the regression trees, we used NDVI, PAR, air and soil temperature, soil moisture and vapour pressure deficit. The analysis was repeated 100 times, and the most common tree size was used in the final analysis. For a detailed description of the advantages with regression tree analysis, see De'ath and Fabricius (2000) .
Uncertainties inherent in the EC method affect the measured long-term CO 2 budgets, and it is therefore important to assess the errors in the budgets. Tagesson, Fensholt and Cropley et al. (2015) reported some uncertainties for their budget estimates based on a method by Aurela, Laurila, and Tuovinen (2002) . This method however does not take the nature of the errors into account, and we hence used a method by (Moncrieff, Malhi, & Leuning, 1996) for assessing uncertainties in our budget estimates. Random errors (E rand ) in half-hourly NEE are stochastic and therefore independent of the time of day. Fully systematic errors (E syst ) affect NEE differently during day and night, and selective systematic errors affect NEE differently only for a period of the day (Moncrieff et al., 1996) . One technique to estimate the nature of errors is to examine the influence of different errors on the mean diurnal cycle (Moncrieff et al., 1996) . The effect of E rand on long-term budgets can be estimated by dividing E rand by the square root of the number of days included in the budget. By contrast, systematic errors are the same whatever the size of the data-set, and are thus additive (Moncrieff et al., 1996) .
Data analysis
Flux partitioning
The day-time NEE was partitioned into gross primary productivity (GPP) and ecosystem respiration (R eco ) following the method in Tagesson, Fensholt and Cropley et al. (2015) using the Mitscherlich light response function against PAR inc (Falge et al., 2001): where F csat is the NEE at light saturation, R d is dark respiration and α is the initial slope of the light response curve or the apparent quantum use efficiency. We used seven-day moving windows with one-day time steps when fitting the functions. GPP was estimated by subtracting dark respiration (R d ) from the light response function:
The diurnal cycle of NEE is asymmetric with substantially lower CO 2 uptake in the afternoon than in the morning, even though incoming radiation is at similar levels. This behaviour is most likely caused by a limitation of GPP due to stomatal closure at high vapour pressure deficit (VPD) levels (körner, 1995) . To account for this effect, the F csat parameter was thereby set as an exponentially decreasing function following the method proposed by Lasslop, Reichstein, and Papale (2010): where k is an equation parameter estimated for each seven-day data window. The VPD 0 was set to 10 hPa in accordance with earlier findings at the leaf level (körner, 1995).
The budgets of NEE and their uncertainty
To estimate uncertainties in long-term budgets, an annual budget of NEE was estimated for 2012, and also NEE budgets for the rainy seasons 2010-2013. To calculate these C flux budgets, gaps in the NEE data-set were filled in four different ways. Firstly, gaps in half-hourly fluxes shorter than 2 h were filled using linear interpolation (Falge et al., 2001) . Secondly, Tagesson, Fensholt and Cropley et al. (2015) reported that half-hourly NEE was strongly correlated to PAR at the Dahra field site, which is a strong factor controlling photosynthesis (e.g. Lambers, Chapin, & Pons, 1998; Tagesson & Lindroth, 2007) . It outweighed the influence of all other environmental variables on half-hourly NEE, and no other measured environmental variable (soil moisture, soil and air temperature, friction WPL corrections. The effect on the mean diurnal cycle was also quantified. This uncertainty analysis does not claim to estimate all errors, but it does provide an estimate of the main errors within the flux measurements. Finally, error accumulation principles were used for adding the random errors together, while the systematic errors were summed (Moncrieff et al., 1996) :
where E total is the total accumulated error.
Results and discussion
Quality control of the measured NEE
Quality control of the measured fluxes indicated a fully functioning EC system. The energy balance closure was 108% (Figure 2 ), i.e. higher than but closer to 100% than at most sites (e.g. Aubinet et al., 2000) . Generally, a 100% energy budget closure is not achieved for EC systems, and an average closure of approximately 80% is often observed (Foken, 2008) . Several reasons for this error have been discussed, including: different sampling scales of the sensors; energy storage; measurement errors; and heterogeneity of the land surface resulting in advective fluxes and transport of large eddies which cannot be measured with the EC method (Foken, 2008) . The general conclusion at the present state is that errors in the energy balance closure should not be corrected for (Baldocchi, 2008) .
At high frequencies, average measured co-spectra for the CO 2 flux and the LE were slightly lower than for the H (Figure 3) . The cut-off frequency between the CO 2 /W co-spectrum and the H/W co-spectrum equals 4.43 Hz. However, this loss of frequencies was corrected using spectral transfer functions (Moncrieff, Massheder, et al., 1997) .
The ), and open-path NEE estimates make no sense without the WPL correction. Additionally, the fact that a different method was used to compensate for the
Random errors in sampling of flux measurements (E samp ) can arise from the stochastic nature of turbulence, so the variance of the covariance between CO 2 concentrations and vertical wind speed was used to estimate E samp for each half-hour flux measurement (Finkelstein & Sims, 2001) .
The error associated with the instrumentation (E inst ) was quantified from the comparison between the open-path and the closed-path infrared sensors, and the nature of E inst was investigated by comparing the diurnal cycle of the two NEE estimates. E inst is therefore only attributed to the infrared gas analyser: ideally, it should incorporate errors related to the sonic anemometer as well.
The gap-filling methods differ for the different parts of the day, and the errors associated with the gap filling are therefore systematic. Errors from gap filling using light response functions (E light ) can be estimated using different subsets when parameterising the gap-filling model (Papale, 2012) . Hence, E light was estimated from budgets calculated using different size moving windows to fit the parameters in Equation (2) (3-13-day-long moving windows). The errors associated with filling gaps longer than three days using regression tree analysis (E tree ) were estimated from the uncertainty in 100 CO 2 flux estimates from the regression trees.
Threshold levels for the filtering of fluxes measured during low turbulent and non-steady-state conditions are a source of uncertainty in long-term budgets of CO 2 fluxes (e.g. Goulden, Munger, Fan, Daube, & Wofsy, 1996) . The error introduced by threshold levels for the filtering (E filt ) was quantified from budgets calculated using different threshold criteria for the quality flags (threshold values: 1-9). Their nature was assessed by investigating the mean diurnal cycle of NEE using the different threshold criteria.
A commonly acknowledged source of error is insufficient coverage of the high frequencies (E freq ) contributing to the fluxes. The E freq was quantified by multiplying an uncertainty factor (30%) to the spectral correction factors applied to EC data (Aurela et al., 2002) . The influence of E freq on the mean diurnal cycle was also quantified.
Another acknowledged source of uncertainty is the effect of uncertainties within the WPL correction which compensates for air density fluctuations (E WPL ) (Webb et al., 1980) . The errors arising from the WPL correction are mainly related to the uncertainties in the H and LE (E WPL1 ), and the uncertainties related to the CO 2 density (E WPL2 ) incorporated in the correction (Serrano-Ortiz, kowalski, Domingo, Ruiz, & Alados-Arboledas, 2007). Most micrometeorologists accept an uncertainty of 10-20% for flux measurements (Moncrieff et al., 1996) and we therefore applied an uncertainty factor of 15% to H and LE. We assumed a 5% uncertainty in the CO 2 density following Serrano-Ortiz et al. (2007 (version 3.0-5.2.2) (LI-COR Biosciences, 2012), and two different scripts (Ardo et al., 2008; Tagesson et al., 2012) ) were tested for the flux calculations. Slightly different settings were used, but all software programs produced approximately the same results, indicating no error in the post-processing of the fluxes.
Another source of error was that the measurement height could have been too low, placing the sensors within the roughness sublayer. However, correcting for roughness sublayer effects would increase the fluxes (Mölder, Grelle, Lindroth, & Halldin, 1999; Tagesson, 2012) , and this should therefore not be an issue, given the high level of the measured fluxes. Moreover, there were no differences in fluxes depending on vertical rotation angle due to different wind directions, indicating no influence of trees in the vicinity of the sensor.
An additional source of error could be surface heating of the open-path sensor itself, which might increase the turbulence within the sensor and artificially enhance the measured fluxes. This has been shown to be an issue in cold environments, but should not affect measurements under warm conditions (Burba, During the measurement campaign, the LI-7500 sensor was quality checked by LI-COR twice and the sonic anemometer was checked by Gill once, ensuring that fluxes were not affected by erroneous sensors.
Seasonal dynamics in the flux exchange processes
The highest and lowest CO 2 exchange fluxes were measured during the rainy season of 2010, and the dry season of 2012, respectively ( Figure 5(a) ) because the low autotrophic activity and the low soil moisture content (average 5 October 2011-24 June 2012: 3.4 Vol. %) reduce the heterotrophic activity of decomposers. The soil decomposers respond quickly to the increase in soil moisture at the beginning of the rainy season (June-July), when there is a strong increase in ecosystem respiration (Figure 5(a) ). Ecosystem respiration dominates the NEE at the onset of the rainy season, air density fluctuations in the closed-path measurements indicates no error related to this correction.
During the post-processing of the fluxes, four different software programs (Alteddy 3.72 (Alterra, 2012) , EddyPro (±E rand ± E syst ) ( Table 3 ). The NEE budgets for the rainy seasons ranged between −166 ± 9 ± 31 g C m −2 y −1 for 2011 and −244 ± 14 ± 36 g C m −2 y −1 for 2010 (Table 3 ). The annual NEE budget is similar to those of other semiarid ecosystems across West Africa and the world (Ago et al., 2014 (Ago et al., , 2015 Brümmer et al., 2008; Chen, Hutley, & Eamus, 2003; Ciais et al., 2011; Quansah et al., 2015) . Ciais et al. (2011) reported a range of budgets for in situ and model studies, for which the median annual budget was −230 g C m −2 . Our data indicated very high peak net CO 2 uptake values; but since the rainy season is short at the Dahra site (semi-arid Sahelian conditions), the annual herbaceous vegetation is characterised by a short life cycle (Mbow et al., 2013) , thereby resulting in an annual budget similar to other semi-arid sites. This confirms the finding by Baldocchi (2008) that annual CO 2 uptake budgets are closer related to the length of the growing season than to CO 2 uptake levels.
The errors found to be random were E samp , E inst and E filt ( Figure 7 and Table 3 ). E samp and E inst are generally random (Richardson et al., 2012) , but the nature of the E filt was surprising since more data are filtered during night-time than during daytime. A possible explanation is the limited variability in nocturnal NEE and filtering data without strong variability generates no systematic change. The size of random errors depends on the number of days included in the estimated budgets (Figure 8 ): for the 2012 annual budget, E samp , E inst and E filt (average from all threshold values) were 2.5, 1.2 and .6%, respectively.
E freq was a fully systematic error, whereas E WPL was a selective systematic error (Figure 7 ). E freq was 4.1% of the annual budget 2012 and E WPL was 11.3%. E freq was generally smaller than E WPL (Figure 7) . Another factor decreasing E freq for long-term budgets is the counteracting effect of the negative and positive errors during day and night-time (Figure 7 ). E WPL affected mainly the daytime fluxes, which thereby impacted the longterm budget substantially. The uncertainty related to H and LE (E WPL1 = 8.5%) was the largest contributor to total E WPL , but the uncertainty related to CO 2 density (E WPL2 = 2.8%) also contributed substantially. Changing the subsamples (using a range of moving window sizes of 3-13 days) for parameterising the light response functions generated an average E light of 1.4%, and the uncertainty in the 100 CO 2 flux estimates from the regression trees generated an average E tree of 4.7%. The E total was 24.3%, which is higher than the total error estimated by Tagesson, Fensholt and Cropley et al. (2015) (14.7%) for this site since in this analysis, the systematic errors were kept separate from the random errors and more uncertainties were included in the analysis. The E total is relatively high, but still a reasonable uncertainty for EC-based flux measurements (e.g. Moncrieff et al., 1996) . when the ecosystem becomes a C source. The herbaceous vegetation is also activated by the increase in soil moisture, and CO 2 uptake exceeds ecosystem respiration as it becomes denser, turning the ecosystem into a C sink ~30 days after the start of rainy season (Figure 5(a) ). The Table 2 ). There is a slow decrease in NEE towards the end of the rainy season ( Figure 5(a) ). After the end of the rainy season, there is a strong decrease in soil moisture and the CO 2 exchange fluxes ( Figure 5(a) ). Several studies have reported similar seasonal dynamics in the CO 2 flux exchange processes for semi-arid areas with pronounced rainy seasons (e.g. Ago, Serça, Agbossou, Galle, & Aubinet, 2015; Ago et al., 2014; Brümmer et al., 2008; Quansah et al., 2015; Veenendaal, kolle, & Lloyd, 2004) .
The budgets of NEE and their uncertainty
The Dahra site acted as a C sink for the year 2012 with an annual NEE budget of −229 ± 7 ± 49 g C m ) are very high compared to other studied African semi-arid savanna sites (Agoufou, Bontioli, Demokeya, HAPEX-Sahel, kayoro, kelma, Maun, Nalohou, Nangatchori, Nazina Park, Skukuza, Sumbrunga and Wankama Falls), which had peak NEE in the range: −8-−30 μmol CO 2 m −2 s −1
, peak GPP in the range: −10-−35 μmol CO 2 m −2 s −1 and peak R eco in the range: 3-12 μmol CO 2 m −2 s −1 (Ago et al., 2014 (Ago et al., , 2015 Boulain et al., 2009; Brümmer et al., 2008; kutsch et al., 2008; Merbold n = 4; R eco : r = .90, p-value .104, n = 4) and peak LAI (NEE: r = −.86, p-value .141, n = 4; GPP: r = −.85, p-value .147, n = 4; R eco : r = .97, p-value .029, n = 4). The low significance is caused by the small number of years measured, but the correlations still indicate a strong relationship between amount of green biomass and the CO 2 exchange processes at the peak of the rainy season. The strong correlation for R eco to these biotic parameters also confirms the strong impact of ecosystem productivity on R eco due to autotrophic effects via vegetation productivity, and heterotrophic effects via the quantity, quality of litter input Quansah et al., 2015; Sjöström et al., 2009; Veenendaal et al., 2004; Verhoef et al., 1996) . At the Dahra field site, the year 2010 had the highest peak (21-day running mean with highest value) NEE, GPP and R eco (Table 2) . It was also the year with highest peak NDVI, peak LAI and maximum dry weight biomass ( Figure 5 and Table 2 ). There were strong correlations between peak values of the CO 2 exchange processes and peak NDVI (NEE: r = −.89, p-value .110, n = 4; GPP: r = −.99, p-value .007, n = 4; R eco : r = .91, p-value .087, n = 4), maximum dry weight biomass (NEE: r = −.99, p-value .004, n = 4; GPP: r = −.90, p-value .104, 
notes: ndVi is in situ-based normalised difference vegetation index; doy is day of year; dW is dry weight; C is carbon; n is nitrogen; isra is the institut sénégalais de recherche agronomique; nee is net ecosystem exchange; Gpp is gross primary productivity; and R eco is ecosystem respiration. The soil C and n content is ±1 standard deviation. The nee budgets are ±random errors ±systematic errors. The flux levels at the peak of the rainy season are 21-day running means ± 1 standard deviation. 9.28 ± 2.43 8.11 ± 1.37 7.03 ± 2.16 7.57 ± 1.32 Table 3 . uncertainty in the different nee budgets.
notes: E samp is the random sampling error; E inst is the random error related to choice of infrared gas analyser; E filt is the average error related to the threshold criteria in the filtering process; E rand is total random error; E Wpl1 is the error related to uncertainty in the h and le included in the Wpl (named after Webb, pearman and leuning) correction; E Wpl2 is the error related to uncertainty in the Co 2 density included in the Wpl correction; E freq is the average error related to the frequency correction; E light is the error related to the gap filling using light response functions (average of moving widow size 3, 5, 9, 11 and 13 days); E tree is error related to gap filling using the regression trees; E syst is total systematic errors; and E total is E rand and E syst added together. explain why they are characterised by lower flux levels (Ago et al., 2014 (Ago et al., , 2015 Boulain et al., 2009; Mougin et al., 2009 Mougin et al., , 2014 Quansah et al., 2015; Ramier et al., 2009; Sjöström et al., 2009; Veenendaal et al., 2004; Verhoef et al., 1996) . Tropical C4 plant species have been shown to be highly productive under optimal sunlight, temperature and moisture conditions (e.g. Saunders, kansiime, & Jones, 2012) . The CO 2 exchange fluxes during the rainy season peak at the Dahra field site are similar to those reported for C4 papyrus vegetation (Saunders et al., 2012) , tropical C4 wetland plants (Morison et al., 2000) , humid tropical C4 grassland (Merbold et al., 2009 ) and fertilised and high precipitation temperate C4 grassland species (Dugas, Heuer, & Mayeux, 1999; kim, Verma, & Clement, 1992) . The dominant species at Dahra are also C4 species (~80%), mostly grass of the Poaceae family, but these species have never been shown to have such high fluxes. The dominant species are similar at several of the above-mentioned African semiarid savanna sites characterised by lower fluxes, but also characterised by sparser ground vegetation Ramier et al., 2009; Sjöström et al., 2009) ). Bontioli in Burkina Faso is a humid Soudanian savanna site with both higher annual rainfall and LAI than Dahra; it also has higher fluxes in comparison to the other study sites (e.g. Janssens et al., 2001; Ma, Baldocchi, Xu, & Hehn, 2007; Tang, Baldocchi, & Xu, 2005) . Indeed, even though LAI is low at Dahra (Table 2) , many of the above-mentioned sites have even sparser ground vegetation, lower LAI, lower NDVI, lower rainfall and less green biomass, which might . dependence of number of days included in the budget estimates on random errors. E samp is random sampling errors, E inst is random instrumentation errors and E filt is errors associated with the filtering of fluxes measured during low turbulent and nonsteady-state conditions.
factors that can cause grazing to influence CO 2 exchange levels positively: (i) chronic regular levels of herbivory favour rapidly growing genotypes (McNaughton, 1983) , (ii) grazing alters the plant C allocation, in that a large fraction of the productivity may be directed to new leaves, increasing vegetation density (Holland et al., 1992) . Again, Dahra has denser vegetation than many of the other semi-arid EC sites in the Sahel (Mougin et al., 2014; Ramier et al., 2009; Sjöström et al., 2009 ), (iii) partial defoliation increases the saturation level of photosynthesis for the remaining leaves, and the rejuvenated leaves are more photosynthetically efficient (Altesor et al., 2005; McNaughton, 1983) . Both the level of photosynthetic capacity at light saturation and the quantum use efficiency were indeed very high at Dahra (Figure 9 ) (Merbold et al., 2009; Sjöström et al., 2013) , (iv) the water content of plants may increase due to a larger root-to-shoot ratio, which has a strong impact on the seasonal dynamics of the CO 2 exchange fluxes in semi-arid areas (McNaughton, 1983; Tagesson, Fensholt, Cropley, et al., 2015) , (v) the removal of plants increases the surface temperature, which may increase the rate of N mineralisation (Altesor et al., 2005) , (vi) light is one of the most important factors limiting photosynthesis, and the removal of standing dead biomass increases the light availability for living plants (Semmartin & Oesterheld, 1996) and (vii) the livestock's dung and urine deposits provide another fertilisation effect (Altesor et al., 2005) . Grazing occurs year round at the Dahra field site and at the end of the dry season limited dead biomass remains. Instead, the area is covered with dung, indicating strong nutrient availability for new vegetation. The nutrient concentrations in the soil were also high in the area (Table 2) .
The average soil organic C pool within the footprint of the EC tower increased substantially in the surface layer, from 0-to −.20-m depth between 2011 and 2012 and from 0-to −.05-m depth between 2012 and 2013 (Table 2 ). These numbers are however subject to uncertainty due to spatial and temporal variabilities between the sampling occasions (standard deviations in Table  2 ), but they still indicate that a substantial part of the annual NEE budget goes into the soil organic C pool. Ndiaye, Diop, Akpo, and Diène (2014) studied long-term changes in the soil C and N contents between 1962 and 2011 at the Dahra centre. Ndiaye et al. (2014) showed that both C and N contents were higher between −.20-and −.40-m depth for pastures and Acacia plantations, whereas in the upper .20 m, an increase is only shown in the Acacia plantations. The increase of C and N contents was attributed to the accumulation of organic matter from litter fall (leaves and branches) and from tree roots. Livestock could also contribute through dung deposition and trampling of vegetation.
(~−27 μmol CO 2 m −2 s −1 ) (Brümmer et al., 2008) , but still substantially lower than at the Dahra field site. However, these sites are dominated by C3 species, which could possibly explain the lower CO 2 uptake levels, despite denser ground vegetation and higher annual rainfall (Brümmer et al., 2008; kutsch et al., 2008) . A part of the explanation to the high flux uptakes seen at the Dahra site could hence be denser C4 herbaceous vegetation.
Widespread greening of the Sahel has been reported over recent decades (e.g. Fensholt et al., 2013) , and increased rainfall and alleviated drought stress conditions are commonly used to explain the greening trend Hickler et al., 2005) . In Dahra, during the rainy seasons, soil moisture never decreases below the PWP (grey line in Figure 5(c) ), indicating no drought stress conditions. Neither rainfall nor soil water content variability could explain the inter-annual variability in rainy season NEE budgets (rainfall: r = −.33, p-value .674, n = 4; soil water content: r = −.15, p-value .851, n = 4). This indicates that the vegetation was not limited by water supply; however, this alone cannot generate high levels of CO 2 exchange fluxes. showed that the Dahra field site had approximately twice as much herbaceous biomass in 2008 and 2010 as in other years. This inter-annual variability in biomass could not be explained by any measured environmental variables, but it was suggested that grazing, disturbance and herbivory could explain the differences (Hérault & Hiernaux, 2004; Hiernaux, 1998; Hiernaux et al., 2009) . Dahra town has one of the largest weekly livestock markets in West Africa, and herders living in the vicinity of Dahra pass by the site on their way to the market. Additionally, the field site is located within a livestock research centre and ISRA is an institute that keeps livestock within the area. This results in intensive grazing of the measured area, and Dahra has a stronger grazing pressure than the other semi-arid savanna EC sites in the Sahel Ramier et al., 2009; Sjöström et al., 2009) . Data on annual number of livestock at ISRA are strongly correlated to the CO 2 exchange flux processes and maximum dry weight biomass (NEE: r = −.99, p-value .011, n = 4; GPP: r = −.94, p-value .059, n = 4; R eco : r = .92, p-value .078, n = 4; Biomass: r = .993, p-value .027, n = 4). Interestingly, these correlations indicate that biomass and both net CO 2 uptake and R eco increase with annual number of livestock.
Grazing is a key disturbance; it makes one of the most powerful impacts on the energy flow, cycling of material and vegetation productivity, and it drastically modifies and shapes plant species composition, vegetation structure and species interaction (Altesor, Oesterheld, Leoni, Lezama, & Rodríguez, 2005; Holland, Parton, Detling, & Coppock, 1992; McNaughton, 1983) . There are several potential Downloaded by [Copenhagen University Library] , [Torbern Tagesson] at 00:04 06 July 2016 flux levels. It was shown that water was sufficient for vegetation growth at the peak of the rainy season, indicating no drought stress reducing the CO 2 exchange fluxes. Data also showed a strong increase in the soil organic C pool in the area, possibly indicating that a substantial part of the annual NEE budgets accumulates in the soil.
Another important factor to consider is methane emissions. It has been discovered that methane can be formed aerobically in plant leaves, and a well-known source of methane is livestock emissions (keppler, Hamilton, Braß, & Röckmann, 2006) . For a full C budget of grazed semiarid savanna grasslands, it would therefore be important to consider methane emissions. However, at the present state, there is no tower-based methane flux measurements in the entire African continent.
This analysis is based on data from four rainy seasons at one site, which is too small a sample to draw firm conclusions about these large CO 2 exchange levels. Future studies based on a larger number of sites and longer time series are therefore important to fully understand the land-atmosphere CO 2 exchange processes of the studied environment. This is important for better predictions of the
Conclusions, outlook and perspectives
We have reported very high levels of net CO 2 uptake at the peak of the rainy seasons 2010-2013 for a grazed semi-arid savanna grassland at the Dahra field site, Senegal, West Africa. A quality control of the EC system indicated that the open-path infrared gas analyser worked well, and no systematic errors were observed when compared to a closedpath infrared sensor. Errors in long-term budgets were quantified: the random errors (sampling, instrumentation and filtering errors) had minor influence on long-term budgets, whereas systematic errors (frequency correction, WPL correction and gap-filling errors) are additive and hence substantially impact budget uncertainty. Peak values of the CO 2 exchange processes for the rainy season were strongly related to vegetation density parameters such as NDVI, LAI and maximum amount of dry weight biomass. The results also suggest that grazing has a positive effect on both GPP and R eco for the studied semi-arid savanna grassland site. The grazing intensity is however hard to quantify exactly from annual number of livestock, and further studies are necessary to fully understand the connection between the grazing intensity and the CO 2 Figure 9 . dynamics in the fitted parameters from the Mitscherlich function (equation (2)). F csat is photosynthetic capacity at light saturation, Que is the adapted quantum use efficiency, R d is dark respiration and se is one standard error of the fitted parameters. The occasional vertical lines in (a) are caused by strong linear relationships during the dry season causing very high F csat levels.
interaction between the climate system and the savanna ecosystems of the Sahel region, and to fully understand the impact these ecosystems have on current and future climate change.
The NEE and the soil organic C pool measurements presented here still suggest that ecosystems within the Sahel potentially have a large C uptake. While widespread greening of the Sahel has been reported over recent decades, possibly because of alleviated drought stress conditions and CO 2 fertilisation effects (Donohue et al., 2013; Fensholt et al., 2013) , there are concerns that future climate change will result in dryland degradation and increased drought stress conditions for semi-arid regions in general (Sarr, 2012) . This will substantially impact the accumulated soil organic C pool, and the sink/source function of these ecosystems.
